This study analyzes environmental efficiency, and its determinants, for 98 countries in terms of four typical air pollutants-SO2, NOx, particulate matter 10 micrometers or less in diameter (PM10), and CO2-for the period 1970-2008. For this purpose, I
Introduction
Considerable research has been conducted on the environmental Kuznets curve (EKC) hypothesis since Shafik and Bandyopadhyay (1992) and Grossman and Krueger (1993) 2 . The EKC hypothesis states that there is a U-or N-shaped relationship between environmental pollution per-capita quality and per-capita income. Why does environmental quality improve after a certain turning point? One of the main reasons is that environmental quality is a superior good, whose demand increases with per-capita income.
In addition to economic growth, Grossman and Krueger (1993) also emphasize the role of international trade and decompose the effects of trade openness on the environment into three separate mechanisms : scale, technique, and composition effects.
The scale effect refers to an increase in pollution emissions resulting from economic expansion by trade openness. The technique effect refers to a reduction in pollution emissions due to the demand for stricter environmental regulations with rising income.
The composition effect refers to a change in the industrial structure through trade openness. In particular, the pollution haven hypothesis (PHH) , which asserts that dirtier industries move from developed countries to developing countries , remains controversial. The seminal paper of Antweiler et al. (2001) regresses pollution concentration on representative variables of the above three effects. Their empirical results show a positive scale effect, a negative technique effect, and a negative composition effect. However, the composition effect caused by trade varies across countries depending on relative income and factor abundance (see also Cole and Elliot (2003) , Frankel and Rose (2005) , and Managi et al. (2009) ).
However, the relationships among per-capita pollution emission, per-capita income, and trade openness are a consequence of the production process . Hence, an empirical strategy to regress pollution emissions on income and trade openness fails to understand the underlying production process (Zaim and Taskin, 2000) . As long as pollutants are not freely disposable (weak disposability), reducing pollutants involves a transformation of the production process, which requires sacrificing the output and additional inputs. Environmental efficiency allows us to measure and understand the degree to which production processes are environmentally friendly.
Environmental efficiency involving desirable and undesirable outputs has been analyzed by a directional distance function (Chung et al., 1997; Picazo-Tadeo et al. 2005 ). However, it cannot directly treat input excesses and output shortages, which are termed "slacks." Tone (2001) proposes the slacks-based measurement (SBM) model, which is a non-radial data envelopment analysis (DEA) model. In measuring environmental performance, non-radial efficiency measurement in the SBM model exerts more discriminating power than the radial one in traditional DEA models (Zhou et al., 2006; Wei et al., 2012) . Furthermore, the super SBM efficiency model proposed by Tone (2002) has a higher level of discriminating power than the SBM model because it can distinguish between efficient decision making units (DMUs). Honma (2014) applies the super SBM model to measure environmental efficiency of 31
Asia-Pacific countries and regions, treating CO2 emissions as one of the inputs. Li et al.
(2013) construct a super SBM efficiency measure ment with undesirable outputs and apply it to China's regional environmental efficiency. However, in their model, the denominator includes a possible expansion rate of undesirable outputs. This yields a 4 misleading efficiency value where a less-polluting DMU receives an undeserved evaluation.
My first question in this paper is whether EKC holds for environmental efficiency.
Among the numerous EKC studies, only a few investigate whether environmental efficiency and per-capita income are related. Managi and Jena (2008) find a U -shaped Kuznets-type relationship between environmental productivity and per-capita income in Indian regions. Zaim and Taskin (2000) construct a nonparametric environmental efficiency index based on the production theory and find an N-shaped Kuzunets curve.
Halkos and Tzeremes (2009) evaluate environmental efficiency regarding sulphur emissions per capita and conclude that there is no evidence to support an EKC curve.
However, Zaim and Taskin (2000) and Halkos and Tzeremes (2009) To begin with, I introduce the SBM DEA models proposed by Tone (2004) and Li et al. (2013) . Assume an h DMU having k input, m desirable outputs, and n undesirable outputs. The input and output vectors for DMU
, respectively. Then, the inputs, desirable, and undesirable outputs are denoted by
. Then, the production possibility set is given by
is the intensity vector, and In order to discriminate the efficient DMUs when undesirable outputs are included , Li et al. (2013) propose a super SBM model with the undesirable outputs SBM model. Before introducing the model, it is useful to define the production set for evaluating a DMU that takes
, as follows: 
Using the notations in this paper and omitting the constraints, Li et al. (2013) ( 2) for DMU 0, which has unity score in (1). In this equation, however, the less polluting the DMU, the smaller the efficiency value, because the denomi nator includes "the possible expansion rate" within the production possibility set excluding DMU 0.
This paper proposes a super environmental efficiency with u ndesirable outputs, as follows: 
Here, I modify the second term of the denominator in ( The above transformation from the fractional problem to the linear programming problem is not shown in Li et al. (2013) .
The super efficiency is calculated by ( 4) only if a DMU obtains unity score in (3). Note that the efficiency values in each year are calculated on the basis of the same year data.
Empirical strategies
What factors influence environmental efficiency? This section investigates the determinants of environmental efficiency along with the EKC and PHH context.
For this purpose, I estimate the following equation 6 : Cole and Elliott (2003) , I refer to this as simply the "composition effects" hereafter. The forth and fifth terms capture that the impact of capital accumulation on environmental efficiency depends on the current capital -labor ratio and per-capita income.
The terms including T capture the trade effects, more specifically the trade-induced composition effects we term "trade effects" hereafter. The eighth to twel fth terms present that the impact of trade openness on environmental efficiency depends on a country's per-capita income and capital-labor ratio relative to the world average.
Data
In my DEA model, there are two inputs-labor and capital stock-and GDP is the sole desirable output. SO2, NOx, PM10, and CO2 emissions are taken as undesirable outputs. Data on GDP, labor, and capital stock are taken from the Penn World Table 8 Table 1 reports the summary of statistics of input and output variables for DEA analysis and the explained and explanatory variables for the regression .
Super environmental efficiency results
The environmental efficiency indices for each year are computed by the production possibility set in that year. Note that the efficiency scores in a year are relative comparisons within the same year. Figure A1 in the Appendix provides the SO2 and CO2 environmental efficiency scores of 98 countries because these can be considered as the most typical pollutants among the four. Among 3822 (98 countries by 39 years) evaluation scores, 664 observations are efficient and have scores larger than unity. 
Determinants of environmental efficiency
First, this section examines whether there is a U-shaped relationship between environmental efficiency and per-capita income according to EKC, excluding the K/L ratio and trade variables. Based on the above results, Table 4 presents elasticities for scale and technique effects (per-capita income based on expenditure), composition effects (K/L ratio), and trade effects (trade intensity) with respect to the four environmental efficiencies. The elasticities for OECD and non -OECD are calculated using each of the sample means.
Note that our dependent variable is environmental efficiency, unlike previous PHH studies (Antweiler et al., 2001; Cole and Elliot, 2003; Managi et al., 2009 ) . A positive elasticity for each effect means that the effect is beneficial to the environment.
For scale and technique effects , the magnitude of their elasticities appears plausible. Raising income improve s the environmental efficiencies for all pollutants.
More interestingly, for each of the three local pollutants, SO2, NOx, and PM10, the elasticity of the OECD coutries is greater than that of the non-OECD countries. This means that, for these local pollutants, rising income improves environmental efficiency in the OECD countries more than that in the non-OECD countries. In contrast, for CO2, the elasticity of the non-OECD countries exceeds that of the OECD ones. This may be because the mean K/L ratio of the OECD countries is larger than that of the non-OECD countries and the coefficients with the K/L ratio are negative.
Almost all composition effect elasticities for SO2, NOx, and PM10 are significantly positive. This means that, for example, a 1% increa se in the K/L ratio improves the environmental efficiency for NOx, i.e., 0.644%, 0.363%, and 0.711% for the world, OECD, and non-OECD countries, respectively. As opposed to the local pollutant results, the elasticities for CO2 are significantly negative for the world, OECD, and non-OECD countries. The difference may reflect the fact that although local pollutants can be removed in plants, carbon capture and storage technologies are not applied at the practical level.
For trade intensity, surprisingly all elasticities except SO2 for the OECD countries are significantly negative. For the mean countries in the sample, a 1% increase in trade intensity reduces environmental efficiency by 0.117%, 0.149%, and 0.387% for NOx, PM10, and CO2, respectively. Note that the elasticities of trade intensity on CO2
environmental efficiency for the non-OECD countries, −0.415, is absolutely higher than that for the OECD countries, −0.264. This implies that an increase in trade openness causes more environmental inefficiency in the non-OECD than in the OECD countries. Only the elasticity of SO2 for the OECD countries is significantly positive.
5． Discussion and conclusions
Using a super SBM DEA model with undesirable outputs, this study measures the environmental efficiency of four typical air pollutants-SO2, NOx, PM10, and For the resulting environmental efficiency, the median of the non-OECD countries improves similar to that of the OECD countries untill 1978. However, since 1979, the median of the latter is larger than that of the former.
The environmental efficiency results in the present paper have to be interpreted with care. First, environmental efficiency can be improved even when pollution emissions increase, as long as more outputs are produced. Second, in this paper, an efficiency impovement includes a change in the industrial structure from polluting industries to less-polluting industries and that in the technical impovement in each industry. Third, because efficiency scores are measured year ly, dynamic efficiency is not taken into account.
In this study, the determinants of environmental efficiency are also examined in association with the context of EKC and PHH. The panel regression results reveal that there is no Kuznets-type relationship between environmental efficiency and per-capita income. Rather, environmental efficiency is a monotone increasing function of income.
A 1% increase in per-capita income improves the environmental efficiency for SO2, NOx, PM10, and CO2, 0.398%, 0.313%, 0.347%, and 1.360%, with respect to the mean country in the sample, respectively.
For the composition effect, I find that an increase in the capital-labor ratio improves the environmental efficiency for SO2, NOx, and PM10. One reasonable interpretation of this result is that capital accumulation in a country develops capital-intensive, i.e., pollution-intensive industries, but may simultaneously lead to an increase in outputs more than an increase in pollution emissions. As a result, the environmental efficiency in that country may improve. In contrast to the local air pollutants described above, the elasticities of the composition effec t for CO2 are negative for both OECD and non-OECD countries. The difference between the impacts of local and global air pollutants on environmental efficiency may arise from the following fact: while local air pollutants can be alleviated by end -of-pipe technology or cleaner production, global air pollutant s such as CO2 cannot be mitigated by existing technology. Note) t-values in parentheses. *p<0.1; **p<0.05; ***<0.01. 
